Molecular salts and cocrystals of amino acids have potential applications as molecular materials with nonlinear optical, ferroelectric, piezoelectric, and other various target physical properties. The wide choice of amino acids and coformers makes it possible to design various crystal structures. The amino acid-maleic acid system provides a perfect example of a rich variety of crystal structures with different stoichiometries, symmetries and packing motifs built from the molecular building blocks, which are either exactly the same, or differ merely by protonation or as optical isomers. The present paper reports the crystal structures of two new salts of the dl-norvaline-maleic acid system with 1:1 and 2:1 stoichiometries, namely dl-norvalinium hydrogen maleate, C 5 H 12 NO 2 + Á-
Molecular salts and cocrystals of amino acids have potential applications as molecular materials with nonlinear optical, ferroelectric, piezoelectric, and other various target physical properties. The wide choice of amino acids and coformers makes it possible to design various crystal structures. The amino acid-maleic acid system provides a perfect example of a rich variety of crystal structures with different stoichiometries, symmetries and packing motifs built from the molecular building blocks, which are either exactly the same, or differ merely by protonation or as optical isomers. The present paper reports the crystal structures of two new salts of the dl-norvaline-maleic acid system with 1:1 and 2:1 stoichiometries, namely dl-norvalinium hydrogen maleate, C 5 H 12 NO 2 + Á-C 4 H 3 O 4 À , (I), and dl-norvalinium hydrogen maleate-dl-norvaline, C 5 H 12 -NO 2 + ÁC 4 H 3 O 4 À ÁC 5 H 11 NO 2 , (II). These are the first examples of molecular salts of dl-norvaline with an organic anion. The crystal structure of (I) has the same C 2 2 (12) structure-forming motif which is common for hydrogen maleates of amino acids. The structure of (II) has dimeric cations. Of special interest is that the single crystals of (I) which are originally formed on crystallization from aqueous solution transform into single crystals of (II) if stored in the mother liquor for several hours.
Introduction
Molecular salts and cocrystals of amino acids are interesting mostly due to their potential applications as molecular materials with optical, piezoelectric, ferroelectric and other target physical properties (Fleck & Petrosyan, 2014) . For example, large (several millimetres in each direction) crystals of l-alaninium hydrogen maleate [(l-AlaH (Natarajan et al., 2010) and glycinium hydrogen maleate [(GlyH + )ÁM À ] (Alagar et al., 2001a) were obtained and the second harmonic generation (SHG) efficiency, investigated using the Kurtz-Perry powder method (Kurtz & Perry, 1968) , was 0.27-1.5 times that of the SGH efficiency of KDP (potassium dideuterium phosphate) (Anbuchezhiyan et al., 2009; Devaprasad & Madhavan, 2010; Yogam et al., 2012; Gonsago et al., 2012; Vasudevan et al., 2013; Charoen-In et al., 2010; Balasubramanian et al., 2010; Natarajan et al., 2008) . The wide choice of amino acids and coformers makes it possible to design various crystal structures that ISSN 2053 ISSN -2296 # 2017 International Union of Crystallography could be potentially important from a crystal engineering point of view. Moreover, in all the solvates of this system, in particular, hydrates can form on crystallization.
In addition to the abovementioned nonlinear optical properties, the 'amino acid-maleic acid' system provides a perfect example of a molecular salt in which the same small organic coformer (maleic acid) can cocrystallize with a large variety of molecules (amino acids). Maleic acid donates a proton to the amino acid and is present as a small and rigid maleate anion in all the crystalline maleates of amino acids. These structures can have various stoichiometries. The diversity of the stoichiometric ratios is determined by several factors:
(i) the symmetry non-equivalence of several amino acid cations;
(ii) the charge of the side chain of the amino acid; (iii) the binding of several amino acid cations and zwitterions to form complex subunits known as dimeric or trimeric cations.
In particular, it is important to compare the crystal structures of chiral and racemic amino acid salts and cocrystals. Crystals of l-and dl-amino acids often have radically different properties (Chesalov et al., 2008; Bordallo et al., 2007; Kolesnik et al., 2005) , and the same may hold for their salts and cocrystals (Boldyreva, 2014; Arkhipov et al., 2013) . Recently, the crystal structure of l-norvalinium hydrogen maleate-l-norvaline has been analyzed and shown to have dimeric l-NvaÁ Á Ál-NvaH + cations . In the present paper, we report the structures of racemic salts formed by dl-norvaline and maleic acid having different stoichiometries, namely dl-norvalinium hydrogen maleate, (I), and dl-norvalinium hydrogen maleate-dl-norvaline, (II).
Experimental

Synthesis and crystallization
Crystals of (I) were obtained by slow evaporation at room temperature from a drop of the saturated aqueous solution containing dl-norvaline and maleic acid in a 1:1 ratio (Rychkov et al., 2014 , as well as to other solution-assisted polymorphic transformations (Munroe et al., 2014; Kobari et al., 2014) . The crystals of (II), grown from a small drop were thin and not suitable for single-crystal X-ray structural analysis. Larger crystals of (II) were obtained using slow evaporation from a crystallization vessel.
Crystal structure solution and refinement
Crystal data, data collection and structure refinement details are summarized in Table 1 . Suitable crystals of (I) and (II) was selected under a microscope in polarized light and mounted by means of MiTeGen MicroGrippers using MiTeGen LV Cryo Oil (LVCO-1) on an Agilent Xcalibur diffractometer. The npropyl group (including the H atoms) of the dl-norvalinium cation of the structure of (I) (C4A/C5A) is disordered (the minor-disorder sites are labelled C4B/C5B). The occupation ratio of the disordered sites refined to 0.865 (8):0.135 (8). For the C5B/C4B/C3 atoms, the U ij values were restrained to be within 0.02 Å 2 (within 0.04 Å 2 for the terminal atom). All H atoms were located initially in a difference Fourier map. The positions of all H atoms were subsequently geometrically optimized and refined using a riding model, with the following assumptions and constraints: N-H = 0.89 Å , O-H = 0.82 Å and C-H = 0.93 (anion), 0.98 (methine), 0.97 (methylene) or 0.96 Å (methyl), with U iso (H) = 1.5U eq (parent atom) for the methyl and OH groups, and 1.2U eq (parent atom) otherwise.
The selection of a good-quality single crystal of (I) was not easy because the brittle crystals were easily damaged. The crystal eventually selected for the X-ray diffraction experiment contained four domains. Data reduction was carried out in three different ways: (i) taking into account the reflections from the largest domain only (one orientation matrix and 59% of all reflections); (ii) processing the diffraction data as from a multiple crystal (four different orientation matrices) using reflections from all four domains; (iii) processing the diffraction data as from a multiple crystal using four different orientation matrices but taking into consideration the reflection from largest domain (50% of all reflections). According to the F 2 /(F 2 ) and R int parameters, the first method gave the best results.
All atoms of (II) (except for the C atom of the carboxyl group of the maleate anion, the H atom of the carboxyl group The asymmetric units of (a) (I) and (b) (II), showing the atom-numbering schemes. Displacement ellipsoids are drawn at the 50% probability level. For (I), only the major-disorder form of the molecules are shown. For (II), half of the maleate anion belongs to the asymmetric unit, as it sits on a mirror plane. 
VUKQAV of the dimeric dl-norvalinium-dl-norvaline cation and another H atom of the carboxyl group of the maleate anion) are disordered. The sites with smaller occupancies are defined as B. The occupancy ratio for the disordered sites was refined as 0.556 (11):0.444 (11) for the maleate anion and 0.741 (5):0.259 (5) for the dimeric dl-norvalinium-dl-norvaline cation. The amino acid cations at the sites with higher and lower occupancies are stereoisomers. The H1 atom lies on the inversion centre and the H4 atom lies on the mirror plane; therefore, the corresponding site occupancies are equal to 0.5. The C1B-C2B, O1B-C1B, O1-H1 and O4-H4 distances were fixed at 1.480 (2), 1.400 (2), 1.289 (2) and 1.202 (2) Å , respectively. The anisotropic displacement parameters of all the atoms were refined with a rigid-bond restraint. For all non-H atoms, the U ij values were restrained to be within 0.04 Å 2 (within 0.08 Å 2 for the terminal atom). All H atoms were located initially in a difference Fourier map. The positions of all H atoms (except for the H1 and H4 atoms, for which O-H distances were restrained) were subsequently geometrically optimized and refined using a riding model, with the following assumptions and constraints: N-H = 0.89 Å and C-H = 0.93 (anion), 0.98 (methine), 0.97 (methylene) or 0.96 Å (methyl), with U iso (H) = 1.5U eq (C,O) for the methyl and OH groups, and 1.2U eq (C,N) otherwise.
Results and discussion
Currently, 25 crystal structures of molecular salts of maleic acid with amino acids have been reported, with 23 having been documented in the Cambridge Structural Database (CSD; Groom et al., 2016) and two structures having no refcodes [dl-argininium hydrogen maleate (Ravishankar et al., 1998) and l-methioninium l-methionine hydrogen maleate (Natarajan et al., 2010)]. All these structures can be divided into three classes.
(1) Hydrogen maleates with a 1:1 stoichiometry containing one amino acid and one maleate anion in the asymmetric unit. The majority of all known hydrogen maleates belong to this class.
(2) Hydrogen maleates with a 1:2 stoichiometry containing one amino acid dication and two maleate anions in the asymmetric unit. Currently only one structure can be assigned to this class (see Table 2 , refcode TENVOZ).
(3) Hydrogen maleates with dimeric amino acid cations and maleate anions consequently having a 2:1 stoichiometry.
(4) Hydrogen maleates with a 1:1 stoichiometry containing more than one of each chemical species (amino acid cation and maleate anion) in the asymmetric unit ( Table 2) .
The title salts, (I) and (II), are the first examples of molecular salts of dl-norvaline with a carboxylic acid (Fig. 1) . Maleic acid is known as a common coformer. Due to its compact flat shape, stabilized by an intramolecular hydrogen bond (Table 3 ) and the presence of several hydrogen-bond acceptors, maleic acid can easily be embedded into different crystalline environments. Salt (I) crystallizes in the centrosymmetric space group C2/c. The asymmetric unit of (I) contains one norvaline cation and one maleate anion, so that it belongs to the first (most populated) class of the aforementioned classification ( Fig. 1) ( Table 2 ). The crystal structure of (I) can be compared with those of two polymorphs of pure dl-norvaline, i.e. at 203 (the -form) and 183 K (the -form) (Gö rbitz, 2011). Both compounds have layered structures; the H 3 N + group of the norvaline zwitterions are linked to three COO À groups of other zwitterions by hydrogen bonds, forming three 'head-to-tail' chains. Similar chains (but composed of norvalinium cations) are present also in the structure of (I) [C(5) motifs along the crystallographic b direction]. One can also see C 2 2 (6) chains along the b direction formed by hydrogen bonds between the NH 3 + group of one norvalinium cation and the COO À group of another cation ( Fig. 2 and Table 4 ). Almost all the amino acid maleates contain C 2 2 (12) chains (Rychkov et al., 2016) , and (I) is no exception; it also has C 2 2 (12) chains formed by norvalinium cations and maleate anions assembling along the c direction. In addition, there are C 2 2 (12) 0 chains in (I) formed by two types of hydrogen bonds: (i) between the COOH group of a norvalinium cation and the COOH group of a maleate anion, and (ii) between the H 3 N + group of a norvalinium cation and the COO À group of a maleate anion (Fig. 3) . The second type of hydrogen bond involves one of the O atoms of the COO À group of a maleate anion which is participating in an intramolecular hydrogen bond within a maleate anion (Fig. 3 and Table 3 ). The C 2 2 (6), C 2 2 (12) and C 2 2 (12) 0 chains form half a layer, and two such half-layers are connected by C(5) chains, with each forming a complete layer so that a twodimensional hydrogen-bonding network parallel to the (100) plane is formed (Fig. 2) . The side chains of dl-norvaline are directed to the outer surfaces of the layers and thus adjacent layers interdigitate to give hydrophobic layers with welldefined channels lie parallel to the hydrophobic layers (Fig. 4) .
The molecular salt (II) crystallizes in a centrosymmetric Pnma space group. The unit cell of (II) contains dimeric dlnorvalinium-dl-norvaline cations (a zwitterion of norvaline and a norvalinium cation connected by a strong O-HÁ Á ÁO hydrogen bond) and maleate anions in the 1:1 ratio. The salt (II) could be assigned to the third class according to Table 2 . The structure of (II) contains two C 3 3 (17) heteromolecular chains along the crystallographic b direction formed by dimeric dl-norvalinium-dl-norvaline cations and maleate anions. Similar hydrogen-bonded chains were observed in the structure of l-norvalinium hydrogen maleate-l-norvaline (Fig. 5a ). Head-to-tail C(5) chains of dimeric dl-norvalinium-dl-norvaline cations propagate along the c direction normal to the C 3 3 (17) chains. Another amino acid C 2 2 (9) chain along the a direction is formed by the dimeric dl-norvalinium-dl-norvaline cations. These three types of chains have common norvaline molecules and are connected with each other by hydrogen bonds to form a three-dimensional hydrogen-bonded network. Comparing the structures of (I) and (II), one can see that the same components form different types of crystal structures: a layered structure in (I) and a three-dimensional hydrogen-bonded structure in (II). The structure of (II) also has channels along the crystallographic a direction; the volume of the voids in (II) (12.1%, 230.42 Å 3 ) is about a half of that in (I) (Fig. 4) . The dl-norvaline-maleic acid system is interesting from a crystal engineering point of view: the same molecules form salts with different types of crystal structures. dl-Norvaline can form salts with maleic acid with either a layered structure as in (I) or a three-dimensional hydrogen-bonded structure as in (II). The molecular salts (I) and (II) belong to different stoichiometric classes ( Visualization of the voids in the structures of (a) (I) and (b) (II) using the Mercury program (Macrae et al., 2008) . The channel along the b direction is highlighted by the dark-red circle. Voids were found using the 'contact surface' method with a probe radius of 0.5 Å and a grid size of 0.1 Å . The major-disorder form of the dl-norvalinium cation and dl-norvaliniumdl-norvaline dimeric cation are coloured green, the maleate anion is blue and red dots correspond to the minor-disorder forms of the components. Table 3 Hydrogen-bond geometry (Å , ) for (I). Table 4 Hydrogen-bond geometry (Å , ) for (II). maleate, (I), and dl-norvalinium hydrogen maleate-dl-norvaline, (II), are the first examples of molecular salts of dlnorvaline with a carboxylic acid. The presence of the dimeric cation of dl-norvaline in the structure of (II) makes it possible to form a three-dimensional network of hydrogen bonds, the structural type which is not common for the maleates of amino acids with a large hydrophobic side chain. Despite the large number of hydrogen maleates documented in the literature, the prediction of whether a selected l-amino acid or a dlracemate will cocrystallize with maleic acid is still difficult to make. For example, for norvaline, both l-and dl-norvalinium hydrogen maleates (with different stoichiometries) have been reported . For alanine, only l-alaninium hydrogen maleate has been described (Alagar et al., 2001a) , with no maleates of the racemic dl-form reported. In contrast, for threonine, dl-threoninium hydrogen maleate exists (Rajagopal et al., 2004) , but no maleate of the l-form has been reported. Moreover, the crystallization of dl-alaninium hydrogen maleate is probably impossible because of the resolution of alanine enantiomers in a racemic solution on addition of maleic acid with the formation of l-alaninium hydrogen maleate and d-alaninium hydrogen maleate (Asai et al., 1975) . Such 'stereoselective' cocrystallization is hard to explain using the traditional synthon approach (Desiraju, 1995) . It is quite possible that the number of hydrogen maleates of amino acids obtained is proportional to the time spent searching for them, similar to what McCrone (1965) supposed for polymorphs.
Another interesting point related to the hydrogen maleates of l-amino acids is the presence of dimeric cations in some of the structures. Up to now, this complex structural subunit has been observed in two hydrogen maleates of amino acids, namely in l-norvalinium hydrogen maleate-l-norvaline and in l-methioninium l-methionine hydrogen maleate (Natarajan et al., 2010) . dl-Norvalinium hydrogen maleate-dl-norvaline, (II), is the first example of a racemic maleate containing the dimeric cation of an amino acid.
Figure 5
Comparison of the heteromolecular hydrogen-bonded chains in the structures of (a) l-norvalinium hydrogen maleate-l-norvaline and (b) dl-norvalinium hydrogen maleate-dl-norvaline, (II). CrysAlis PRO (Agilent, 2014) for (I); CrysAlis PRO (Rigaku OD, 2015) for 2dl_nv_mal. For both compounds, program(s) used to solve structure: SHELXT (Sheldrick, 2015a ); program(s) used to refine structure: SHELXL2014 (Sheldrick, 2015b) . Molecular graphics: OLEX2 (Dolomanov et al., 2009 ) for (I); Mercury (Macrae et al., 2008) for 2dl_nv_mal. For both compounds, software used to prepare material for publication: OLEX2 (Dolomanov et al., 2009) . Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes. Special details Geometry. All esds (except the esd in the dihedral angle between two l.s. planes) are estimated using the full covariance matrix. The cell esds are taken into account individually in the estimation of esds in distances, angles and torsion angles; correlations between esds in cell parameters are only used when they are defined by crystal symmetry. An approximate (isotropic) treatment of cell esds is used for estimating esds involving l.s. planes.
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